Rationale: The mechanistic basis for cardiac and renal dysfunction in sepsis is unknown. In particular, the degree and type of cell death is undefined. Objectives: To evaluate the degree of sepsis-induced cardiomyocyte and renal tubular cell injury and death. Methods: Light and electron microscopy and immunohistochemical staining for markers of cellular injury and stress, including connexin-43 and kidney-injury-molecule-1 (Kim-1), were used in this study. Measurements and Main Results: Rapid postmortem cardiac and renal harvest was performed in 44 septic patients. Control hearts were obtained from 12 transplant and 13 brain-dead patients. Control kidneys were obtained from 20 trauma patients and eight patients with cancer. Immunohistochemistry demonstrated low levels of apoptotic cardiomyocytes (,1-2 cells per thousand) in septic and control subjects and revealed redistribution of connexin-43 to lateral membranes in sepsis (P , 0.020). Electron microscopy showed hydropic mitochondria only in septic specimens, whereas mitochondrial membrane injury and autophagolysosomes were present equally in control and septic specimens. Control kidneys appeared relatively normal by light microscopy; 3 of 20 specimens showed focal injury in approximately 1% of renal cortical tubules. Conversely, focal acute tubular injury was present in 78% of septic kidneys, occurring in 10.3 6 9.5% and 32.3 6 17.8% of corticomedullary-junction tubules by conventional light microscopy and Kim-1 immunostains, respectively (P , 0.01). Electron microscopy revealed increased tubular injury in sepsis, including hydropic mitochondria and increased autophagosomes. Conclusions: Cell death is rare in sepsis-induced cardiac dysfunction, but cardiomyocyte injury occurs. Renal tubular injury is common in sepsis but presents focally; most renal tubular cells appear normal. The degree of cell injury and death does not account for severity of sepsis-induced organ dysfunction.
Sepsis causes profound myocardial depression, and echocardiography frequently reveals severe biventricular dysfunction (1) (2) (3) (4) (5) . Sepsis also induces renal insufficiency in 30 to 60% of patients, up to half of whom require dialysis (6) (7) (8) (9) (10) . The mechanistic basis for cardiac and renal dysfunction occurring in sepsis is controversial (1, 5, 7, 9, (11) (12) (13) (14) (15) (16) . The degree to which apoptosis, necrosis, or autophagy contribute to cardiac and renal dysfunction in sepsis is unresolved (2, 3, (16) (17) (18) (19) .
Although a few well controlled studies have been performed, extensive cell death in hearts or kidneys in patients dying of sepsis has not been described, leading investigators to postulate that cellular "hibernation" or metabolic suppression and not cell death is the basis of sepsis-induced organ failure (11, 13, 14, 16, 18, (20) (21) (22) . Cardiac dysfunction in sepsis is reversible, and the majority of renal failure patients who survive sepsis recover baseline renal function; these observations are consistent with organ "hibernation" (1, 3, 13, 18) . However, evidence for cardiac and kidney cell injury and death in sepsis does exist. Elevations in troponin-I, a marker of cardiomyocyte injury, typically occur in septic patients and correlate with mortality (23) . Other studies examining the
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
Sepsis causes profound myocardial depression, and echocardiography frequently reveals severe biventricular dysfunction. Sepsis also induces renal insufficiency in 30 to 60% of patients, up to half of whom require dialysis. The mechanistic basis for cardiac and renal dysfunction occurring in sepsis is controversial.
What This Study Adds to the Field
Our findings show that cell death is rare in sepsis-induced cardiac dysfunction, but sepsis-induced focal mitochondrial injury does occur. Autophagy is not a major mechanism of cardiomyocyte repair or cell death in sepsis. Connexin-43 translocation, which occurred in cardiomyocytes of septic patients, is suggestive of cell injury and is consistent with cardiac dysfunction being secondary to a "junctionopathy," although this remains to be established. Renal tubular injury is common in sepsis but present focally; renal tubular regeneration possibly driven by mTOR also appears to be occurring. Renal tubular cell death occurs by necrosis and not by apoptosis or autophagy. This suggests that much of the organ injury is potentially reversible and that efforts to control infection and improve host immunity could decrease mortality.
mechanistic basis of renal dysfunction in sepsis reported that ischemic tubular necrosis and apoptosis occur (9, (24) (25) (26) (27) (28) .
Methodologic advances have improved our understanding of cell death, providing tools to better define the basis of organ dysfunction in sepsis (29, 30) . In addition to necrosis and apoptosis, autophagic cell death occurs (29, 30) . Autophagy is an adaptive response to sublethal stress, allowing cells to recycle damaged organelles and macromolecules. Although controversial, some investigators maintain that unbridled autophagy results in cell death (29) (30) (31) . Newly characterized markers of cell injury have also contributed to defining pathologic processes that mediate cell injury. Connexin-43, a critical gap junction protein that regulates cell-cell interaction and forms electrical synapses between adjacent myocytes, is involved in cellular stress responses in heart (32) (33) (34) (35) . Kidney injury molecule 1 (Kim-1), a transmembrane protein expressed in damaged proximal tubular epithelial cells, is a sensitive biomarker of kidney injury (36, 37) . Mammalian target of rapamycin (mTOR), a serine/threonine kinase activated during stress, regulates cellular metabolism, proliferation, and survival (38) .
This investigation determined the degree to which cell injury and death are responsible for sepsis-induced cardiac and renal dysfunction. Electron microscopy was performed to evaluate subcellular effects of sepsis and to identify autophagic vacuoles. Some of the results of these studies have been previously reported in the form of an abstract (39) .
METHODS Sepsis Inclusion and Exclusion Criteria
Septic patients who died in surgical and medical intensive care units were studied. Most patients were previously included in a recently completed parallel study examining effects of sepsis on immunity (40) . Sepsis was defined as microbiologically proven, clinically proven, or suspected infection and presence of systemic inflammatory response syndrome (SIRS) (41) . Patients receiving corticosteroids (.300 mg/d of hydrocortisone) or other immunosuppressive medications, patients with chronic viral infections, and patients with autoimmune disease were excluded. Patients with preexisting dialysisdependent renal failure were excluded from kidney but not heart analysis.
Control Patient Inclusion Criteria
Control tissues for electron microscopy (EM) were obtained from patients undergoing nephrectomy for renal cancer. Tissue remote from tumor site was selected. Control tissue for light microscopy (LM) and immunohistochemistry (IHC) was obtained from paraffin-embedded tissue from critically ill patients, identified by retrospective chart review, who had sustained acute kidney trauma necessitating nephrectomy.
Control hearts were obtained from Mid-America Transplant (St. Louis, MO), comprising organ donors whose hearts were not acceptable for donation because of preexisting conditions or age. Failing hearts were obtained from patients who received heart transplants. Control patient exclusion criteria were identical to sepsis.
Studies were approved by Washington University and St John's Hospital Human Research Protection offices. Further details are provided in the online supplement.
Tissue Harvesting
Tissues were harvested via limited bedside autopsy 30 to 180 minutes postmortem. Midmyocardial left ventricular free wall and renal corticomedullary junction were selected.
Immunohistochemical Detection of Necrotic and Apoptotic Cell Death
In addition to LM evaluation of hematoxylin and eosin (H&E)-stained tissues, sections were examined for apoptosis using antibodies to active caspase-3, cleaved cytokeratin-18, and cleaved poly(ADP-ribose) polymerase (PARP) (40) .
Histopathologic Assessment: Kidneys
The number of globally sclerosed glomeruli and the total number glomeruli were recorded. Arterial intimal fibrosis, arteriolar hyalinosis, interstitial fibrosis, and interstitial inflammation were scored according to established criteria (42) . Acute tubular injury (ATI) was defined as tubular dilatation, epithelial flattening, cell sloughing, or coagulative necrosis. ATI was quantified in cortex, corticomedullary junction, and medulla by determining the number of injured tubules per 200 total tubules per region. ATI grading was performed in a blinded fashion.
Immunohistochemical Studies
IHC for connexin-43 and Kim-1 was used to detect cardiomyocyte and RTC injury, respectively. IHC for phosphorylated-mTOR (mTOR), an indicator of cell stress, was also performed.
Detection of Renal Tubular Cell Proliferation via Ki-67
Ki-67 staining was performed on a Benchmark Ultra platform (Ventana, Oro Valley, AZ) using prediluted antibody.
Electron Microscopy
A minimum of 8 to 10 random fields were examined at 2,460 to 3,0703 magnification in blinded fashion (43) . In kidney, tubules at the corticomedulary junction were targeted. Higher magnifications (5,000-25,0003) were used in abnormal areas to evaluate organelle changes.
Statistical Analysis
Group differences were analyzed by two-tailed, nonparametric t test (Mann-Whitney U test) using GraphPad-Prism 5.0. Significance was accepted at P < 0.05. Data are expressed as mean 6 SD.
RESULTS

Patient Clinical Characteristics
Ventilator-associated pneumonia and peritonitis were the most frequent causes of sepsis (Table 1 ; see Table E1 in the online supplement). Other causes included necrotizing fasciitis, retroperitoneal abscess, and infected intravascular catheters.
Control hearts from 12 heart transplant recipients and 13 brain-dead organ donors were studied (Table 1; Table E2 ). Control kidneys from eight renal cancer patients and 20 trauma patients were used for EM and IHC, respectively (Table E3) .
Mean ages of septic and control patients were 67 6 19 and 48 6 19 years, respectively. Median ICU days for septic patients were 8 (range, ; mean duration of sepsis was 7 days.
Sepsis-induced Cardiac Dysfunction
Troponin-I was quantitated in 30 of 38 septic patients and was elevated in 19 patients (0.47 6 0.89 ng/ml) ( Table E4 ). Inotropic agents were required in 32 of 38 septic patients. Echocardiography obtained in 21 septic patients demonstrated mean ejection fractions of 54 6 15.8% while on inotropic and/or vasopressor support.
Sepsis-induced Renal Dysfunction
A total of 36 of 39 septic patients developed acute kidney injury defined by AKIN criteria; 14 of 36 required dialysis (Table E5 ) (8) .
Cardiac Microscopic and Immunohistochemical Findings
Septic and control hearts exhibited LM evidence of chronic disease, including varying degrees of interstitial fibrosis and cardiomyocyte hypertrophy (Figures 1A and 1B ; see Figure  E1 in the online supplement). Cytoplasmic vacuolization associated with presumed reversible hypoxic injury (myocytolysis) was more common in control subjects (P , 0.01) ( Figure E1 ), but acute myocardial necrosis was uncommon. Differences in cardiac fibrosis and myocytolysis also existed between control failing hearts obtained from transplant recipients and control hearts from brain-dead organ donors ( Figure E2 ). No apoptotic cardiomyocytes were seen in any specimen by LM.
Examination of cardiomyocyte apoptosis via immunohistochemical staining (i.e., expression of cleaved PARP, active caspase-3, and cytokeratin-18) demonstrated rare cardiomyocyte apoptosis in septic and control cells (,0.2% cells; Figure E3 ), which were not different.
Expression of connexin-43 was demonstrated in all cases. Distribution of reactivity along intercalated discs was variable within and between samples in both groups, whereas expression along lateral cell membranes was detected only in septic hearts (7/38 septic vs. 0/23 control; P , 0.02) (Figures 1C and 1D ; Figure E1 ).
EM Studies: Heart
EM was performed on 17 septic hearts and in seven control hearts. Although overall architecture was generally well preserved, loss of register of the contractile apparatus or compression of the Z-band interval ("contraction-banding") was noted in similar percentages of both groups (septic, 5/17; control, 2/7; Figure E4 ). Hydropic mitochondria (compatible with a mitochondrial injury score of >3) (44) were present in six septic patients but in no control subjects (P , 0.05); structural changes to mitochondrial cristae (vacuoles and collapse) occurred in similar numbers in both groups ( Figure 1 ; Figure E4 ). The former change was inconsistently associated with longitudinal separation (splaying) of contractile fibers. Autophagosomes were uncommon in most samples ( Figure 1H ).
Kidney Light Microscopic and Apoptosis Examination
LM of control kidneys showed normal-appearing glomeruli and tubules with few inflammatory cells (Table E7) . Focal ATI involving approximately 1% of proximal renal tubular cells occurred in 3 of 20 (15%) control kidneys. Focal coagulative-type tubular necrosis involving less than 5% of renal tubular cells occurred in 2 of 20 (10%) control kidneys.
Septic kidneys had increased global glomerulosclerosis, arteriolar hyalinosis, and arterial intimal fibrosis compared with control kidneys ( Figure 2 ; Table E7 ). Although the majority of microscopic fields appeared normal, focal ATI was common and occurred in 30 of 39 (77%) septic patients, affecting 10.3 6 9.5% corticomedullary junction tubules and 5.9 6 9.8% cortical tubules. Medullary tubular epithelial cell sloughing occurred in 35 of 36 (97%) patients, affecting 18.7 6 11.7% of tubules. Focal coagulative-type tubular necrosis occurred in 17 of 39 (44%) patients, typically involving less than 5% of renal tubular cells. Microvascular glomerular thrombosis, renal cortical infarction, and renal abscess occurred in one septic patient each.
Additional discriminating findings in sepsis were isometric proximal tubular vacuolization, which occurred in 30 of 39 (77%) septic patients versus 3 of 20 (15%) control subjects (P , 0.001), and calcium phosphate crystals, which were present in 19 of 39 (49%) septic patients versus 1/20 (5%) control subjects (P , 0.001) (Figure E5 ).
Renal tubular cell apoptosis was rare, occurring in less than approximately 0.3% of cells by all three detection methods ( Figure  E6 ). Renal tubular cell apoptosis was increased in sepsis when quantitated by cytokeratin-18 but not by active caspase-3 or cleaved PARP (P , 0.001).
Kim-1 and Phospho-mTOR Immunostaining
In control kidneys, Kim-1 was positive in 1.3 6 2.9% and 0.8 6 2.7% of corticomedullary junction and cortical labyrinth tubules, respectively ( Figure 2 ; Table E8 ). Kim-1 expression was markedly increased in septic kidneys (i.e., 32.3 6 17.8% and 19.6 6 16.9% in corticomedullary junction and cortical labyrinth tubules, respectively [P , 0.001]) ( Figure 2H ). Kim-1 corticomedullary junction tubular expression was also higher in hemodialysis-dependent septic patients versus non-hemodialysisdependent septic patients (44.4 6 16.0% vs. 25.4 6 14.9%, respectively; P , 0.01). Kim-1 positivity limited to apical membranes typified injured renal tubular cells, accompanied with loss of height and brush border ( Figure 2F ; Figure E7 ). Predominantly cytoplasmic Kim-1 reactivity typified severely flattened renal tubular cells ( Figure 2) . mTOR was positive in 20.5 6 11.5% versus 35.6 6 14.7% corticomedullary junction tubules in control and septic kidneys, respectively (P , 0.01) ( Figure 3 ). mTOR-positive cells exhibited two distinct morphologic patterns. Similar to Kim-1, mTOR was positive in damaged renal tubular cells that appeared flattened ( Figure 3B ; Figure E8 ). Kim-1 and mTOR stains on serial sections of injured renal tubular cells with this pattern showed colocalization of these markers ( Figure E9 ). Far less commonly, mTOR positivity occurred in injured renal tubular cells with isometric vacuolization; these cells did not typically coexpress Kim-1.
EM Studies: Kidney
EM was performed on 14 septic and 9 control kidneys. Isometric vacuolization in septic proximal tubules was associated with hydropic mitochondria (six cases) or marked dilation of membrane-bound vacuoles of presumed lysosomal derivation (six cases) with or without autophagocytosis (Figure 4 ; Figures E10 and E11; Table  E6 ). No case contained both. Two septic cases lacked these changes in LM and EM. Only one control sample had hydropic mitochondria, and none contained enlarged lysosomes. The difference between groups was significant (P ¼ 0.003). In sepsis, proximal tubular epithelial cells showed varying degrees of apical membrane injury, including loss of ciliated brush border. The latter was seen in cuboidal cells (often in clusters) with intact apical membranes, suggestive of regeneration and repair, or in columnar cells devoid of apical membranes, with loss of apical cytoplasm into the lumen. In the latter, organelles in extruded cytoplasm were often in autophagocytic vacuoles, whereas basal cytoplasm was intact (Figure 4 ; Figures E10 and E11 ). Less commonly, entire damaged cells were necrotic and detached from basal lamina, occasionally appearing downstream in otherwise intact tubules ( Figure E11B ). Necrotic cells and cell debris were significantly less common in control kidneys (P ¼ 0.02). Mitochondrial membrane damage (as also seen in cardiomyocytes) and dilation of endoplasmic reticulum were seen in septic kidneys; only the former was noted (and much less commonly) in control kidneys. Autophagosomes were more common in septic kidneys (i.e., 4.61 6 3.82 vs. 1.54 6 0.75 per high-powered field [original magnification: 33,070] for septic and control, respectively; P ¼ 0.011); however, there was no evidence of autophagic cell death. No epithelial apoptosis was noted in any sample. Basolateral and nuclear membranes were well preserved, arguing against preservation-related changes (autolysis).
Renal Tubular Cell Proliferation via Ki-67 Immunostaining
The percentage of renal tubular cells in the corticomedullary junction positive for Ki-67 was increased almost 3-fold in septic versus control kidneys (i.e., 0.99 6 1.05 vs. 0.34 6 0.47, respectively [P , 0.005]) ( Figure E12 ).
DISCUSSION
Myocardial depression and renal failure are hallmarks of sepsis, but the mechanistic basis for sepsis-induced organ dysfunction is controversial (1) (2) (3) (4) (5) . The present study represents the first comprehensive examination of cell death and organelle injury in patients with sepsis-induced cardiac and renal failure. The vast majority of septic patients (32 of 38) were in shock, requiring the use of inotropic agents and/or vasopressors to maintain adequate mean arterial pressure and/or oxygen delivery (Table  E4) . Shock in patients with sepsis could be due to primary myocardial ; Figure 1 . Light microscopy and ultrastructural findings in heart. (A) Myocytolysis is common in control cardiac myocytes. Hearts were obtained from septic or control patients. Control hearts were failing hearts from patients undergoing heart transplantation or hearts from brain-dead organ donors whose hearts were not acceptable for transplantation (see METH-ODS). Although most myocardial cells were unremarkable in most histologic fields in control and septic samples, large, pale vacuoles in subendocardial myocytes (myocytolysis; arrows), a putative feature of reversible hypoxic injury, were more common in control samples (P , 0.01) ( Figure E1 ). Note also expansion of interstitial fibrous tissue and enlargement of myocyte nuclei (hypertrophy). depression, sepsis-induced vascular failure (vasoplegia), or a combination of both. Therefore, it is difficult to know the extent of sepsis-induced myocardial depression without comparing current echocardiographic data with premorbid echocardiographic information. This information is available for a subset of septic patients (Table E4) . Some patients who developed sepsis had similar or unchanged high normal ejection fractions. Conversely, other patients had slightly improved ejection fractions during sepsis or marked decreases in ejection fraction during sepsis. There are several complicating factors in determining the extent of sepsis-induced myocardial depression in these patients. Sepsis-induced vasoplegia results in decreased afterload, which can result in improved ejection fraction. Second, many patients were on inotropic agents and/or vasopressors, which can increase myocardial contractility. In this regard, 13 of the 38 septic patients were on dobutamine or epinephrine, inotropic agents that can markedly increase contractility and ejection fraction. Finally, sepsis-induced myocardial depression tends to be most severe during the most fulminant stage of the disease, and cardiac function tends to improve as the sepsis becomes less severe. It is not always possible to obtain echocardiography during the most profound stages of sepsis; therefore, the present results may not reflect the most severe depression. Despite these limitations, many patients had low ejection fractions while on potent inotropic agents, and the ejection fraction of 54% in the present study is consistent with other studies of septic patients who were on vasoactive agents (45) . Light microscopy of septic hearts did not reveal evidence of irreversible acute injury or cell death. However, modest increases in troponin-I occurring in selected septic patients is consistent with cardiomyocyte injury. EM demonstrated focal cardiomyocyte mitochondrial membrane injury in control subjects and in septic patients. Translocation of connexin-43 to the lateral cardiomyocyte membrane was detected only in septic patients and only in a subset of these patients. Lateralization of connexin-43 is additional evidence of myocyte injury (32) (33) (34) (35) . Thus, sepsis does not induce significant cardiomyocyte cell death but does induce changes consistent with mitochondrial injury and cardiomyocyte uncoupling. State-of-the-art in vivo 31 P NMR spectroscopy showed that sepsis-induced myocardial depression is not due to bioenergetic failure (15) . This suggests that mitochondrial injury is limited in scope or is insufficient to impair function.
With these observations in mind, two key questions remain: What is the mechanistic basis of myocardial depression in sepsis, and is it beneficial or detrimental? Studies examining the basis of depressed myocardial contractility in sepsis showed that TNF-a and IL-1b impair cardiac and cardiomyocyte contractility (46) (47) (48) . These cytokines also induce mitochondrial injury (44) . Although a direct relationship between morphologic changes in mitochondria and cardiomyocyte depression cannot be proven, the possible effect of mitochondrial swelling on metabolic activity of the septic cardiomyocyte is relevant to potential explanations for sepsis-induced myocardial depression, including a "hibernation" response and myocardial "stunning." The latter is a well recognized phenomenon occurring after myocardial ischemia and may represent a response that is analogous to the myocardial "hibernation" that is postulated to occur in sepsis (13, 14, 18, 49) . Abnormalities in calcium homeostasis and defects in cardiomyocyte coupling due to abnormal cardiac gap junctions have also been proposed as potential causes of sepsis-induced cardiac depression (11, 50) . Although sepsis-induced myocardial suppression is occasionally lethal, moderate sepsis-induced "hibernation" could be advantageous by preventing stress-induced cardiac injury (1, 18, 49) .
Previously, we reported that sepsis-induced renal failure was notable for a lack of extensive cell death (51) . The present study, using more sensitive detection methods, confirmed a lack of diffuse renal tubular cell death but did reveal tubular injury. Damaged renal tubular cells were significantly more numerous in sepsis, a finding corroborated by EM, where one reproducible abnormality was mitochondrial swelling. Although renal tubular cell injury occurred in sepsis, the majority of renal tubules in most septic patients appeared normal by light microscopy. EM and Kim-1 immunostaining are more sensitive indicators of cell injury and highlighted more extensive yet subtle damage (36, 37) . The subcellular nature of the observed renal tubular cell injury is unlikely to be the sole explanation for the magnitude of the loss of renal function suffered by many septic patients (14 patients in our septic cohort required hemodialysis). Rigorously controlled animal models have also failed to reveal widespread cell death in sepsis despite significant renal dysfunction (7, 9, 15, 16, 21, 24, 52) . Investigators have struggled to mechanistically define the basis of sepsis-induced renal failure (7, 9, 16, 24, 26) . Proposed explanations include immune-mediated injury, apoptosis or necrosis of renal tubular cells, and metabolic "hibernation." Most septic patients who survive severe renal dysfunction eventually return to baseline renal function. Unlike heart, however, recovery of renal function can be prolonged, and patients are more prone to chronic renal disease (8) . Our findings agree with work by other investigators who report that in certain types of acute renal failure including sepsis, most renal tubular cells are healthy or reversibly injured (7, 10, 26) . Our findings do not agree with investigators who have postulated that apoptosis is a major mechanism of sepsis-induced kidney injury (25) .
In addition to injured renal tubular cells, light and electron microscopy demonstrated cells with morphologic features of tubular regeneration, including epithelial simplification with nuclear enlargement and clustering (53) . Many of these cells were phosphomTOR positive (Figures 3C and 4G) . mTOR has diverse actions, including cell differentiation and proliferation, thereby supporting the concept that tubular cell regeneration and proliferation is an important element of renal recovery in acute kidney injury (7). Ki67 immunostaining confirmed that renal tubular cell proliferation was increased in septic versus control cells ( Figure E12 ).
Septic kidneys also exhibited increased renal tubular cell vacuoles, previously described in sepsis (52) and in foci of intraluminal calcium phosphate crystals. Vacuoles appeared coarse or finely dispersed. Coarse-appearing vacuoles correlated with the presence of swollen, injured mitochondria by EM, whereas fine vacuoles correlated with presence of swollen lysosomes. Mitochondrial injury has been proposed as a significant mechanism of septic renal dysfunction in animal models (52) . Calcium phosphate crystals, which occurred in approximately 50% of septic patients, also occur in tumor-lysis syndrome and induce renal tubular cell injury.
A final observation that was prominent in septic kidneys was the shedding of apical cytoplasm and renal tubular cells (necrotic or grossly viable) into tubular lumens (Figure 4 ; Figure E12 ). TNF-a and IL-1a induce similar renal tubular cell shedding, thus providing a potential mechanistic link of cardiac and renal injury (52, 54) .
It is informative to compare the present study with a previous postmortem study from our group conducted over a decade ago (51) . The present study demonstrates much more evidence of cell injury in heart and kidney during sepsis than previously appreciated. Using extensive EM, the present study shows focal mitochondrial injury in hearts and kidneys in a subset of septic patients. The increase in cardiomyocyte connexin-43 positivity in sepsis is supportive evidence of cardiac injury. EM also demonstrated that autophagy, which was not widely recognized as a major cellular stress response until relatively recently, was significantly up-regulated in septic kidneys. There was no evidence of unbridled renal tubular cell autophagy as a mechanism of cell death. Focal renal tubular cell injury and necrosis are much more common than previously appreciated, a finding confirmed by conventional light microscopy, Kim-1 immunostaining, and EM. An additional potential new mechanism of renal injury identified in the present study is the high incidence of calcium phosphate crystals in sepsis. The increase in renal tubular cell Ki67 positivity in sepsis indicates that cell proliferation, possibly driven by mTOR, may be a major restorative response to renal injury.
The present results showing a paucity of cell death in hearts and kidneys of patients dying of sepsis raises the question: Why do patients with sepsis die? Postmortem studies of septic patients demonstrated most cell death occurring in immune and gastrointestinal epithelial cells and, to a lesser extent, in hepatocytes (51, 55) . These findings fail to explain mortality in sepsis. A recent postmortem study of 235 ICU patients admitted with sepsis revealed that at autopsy approximately 80% of patients had unresolved infections (56) . These studies, together with the present work, indicate that organ recovery is possible even late in sepsis and that better survival may occur with improved control of infections or enhanced host immunity (57) . Several limitations to the present study exist. Septic patients were older and had significantly more comorbidities, likely predisposing them to accentuated sepsis-induced organ injury (10). Second, many septic patients (as well as some control subjects) were in shock before and/or during the agonal period. Hence, some of the pathologic findings may have been exacerbated by ischemia or hypoxia. Although postmortem autolysis may have contributed to selected observed findings, the cellular heterogeneity of the findings and selected EM findings suggest that autolysis was not a major contributor to structural changes in these samples. Also, Kim-1 positivity does not occur during autolysis (58) . Another limitation of the study relates to the fact that samples from septic patients were obtained postmortem, whereas samples from critically ill nonseptic patients were obtained intraoperatively (kidney samples), after brain death in patients with beating hearts, or from failing hearts removed intraoperatively. These differences in sourcing of specimens create the potential for sample bias. Finally, all septic patients in this study died, and the described changes may not be present or as severe in survivors. Even with these potential limitations, our key findingsa lack of necrotic, apoptotic, or autophagic cell death in hearts and the relative paucity of cell death in most kidneys of septic patients-still stand. Also, many of the described findings, including tubular epithelial flattening, formation of autophagic vacuoles, calcium-phosphate crystals, nuclear enlargement and clustering, Kim-1 up-regulation, and mTOR expression, require time to occur. It is thus unlikely they are due to brief agonal periods or autolysis. Finally, many of our findings are consistent with previously reported carefully controlled animal studies and with several of the limited numbers of published clinical studies (7, 10, 26, 52) .
In conclusion, cell death is rare in sepsis-induced cardiac dysfunction, but sepsis-induced focal mitochondrial injury does occur. Autophagy is not a major mechanism of cardiomyocyte repair or cell death in sepsis. Connexin-43 translocation, which occurred in cardiomyocytes of septic patients, is suggestive of cell injury and is consistent with cardiac dysfunction being secondary to a "junctionopathy," although this remains to be established. Renal tubular injury is common in sepsis but presents focally; renal tubular regeneration possibly driven by mTOR also appears to be occurring. Renal tubular cell death occurs by necrosis and not by apoptosis or autophagy. Calcium phosphate crystals occur in renal tubules in approximately 50% of patients and may be contributing to renal failure. Although in some septic patients the degree of renal tubular injury was sufficient to explain renal failure, in most septic patients the majority of renal tubular cells appeared normal by light microscopy. Thus, the degree of cell injury and death may not account for the severity of renal failure in all patients with sepsis. This suggests that much of the organ injury is potentially reversible and that efforts to control infection and improve host immunity could decrease mortality.
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